Higher order optical aberrations were measured in 273 cyclopleged Singaporean school children using a Bausch and Lomb Zywave aberrometer, with 268 of these subjects also undergoing corneal topography measurements (Tomey TMS 2 system). Subjects with low myopia (> À3.00 to À0.50 D) showed slightly, but significantly, less positive levels of spherical aberration than other refractive error groups. Chinese subjects also showed significantly higher amounts of aberrations than Malay subjects, particularly for vertical coma, but also for horizontal coma and spherical aberration. Anterior corneal spherical aberration (calculated from topography) was significantly correlated with whole eye spherical aberration, but did not vary significantly with refractive error or racial background. Residual spherical aberration (i.e. of posterior cornea and crystalline lens) did vary significantly with refractive error and race. Our results do not provide any evidence for aberration-driven form-deprivation as a major mechanism of myopia development.
Introduction
Refractive error development is known to be influenced by retinal image quality and other characteristics of the eye's optics. Gross retinal image degradation by eyelid closure or translucent occluders has been linked to myopia development in animal models and in humans. (e.g. O' Leary & Millodot, 1979; Sherman, Norton, & Casagrande, 1977; Wallman, Turkel, & Trachtman, 1978; Wiesel & Raviola, 1977; Wildsoet & Pettigrew, 1988) . During growth, animals can make positive and negative compensatory refractive error corrections in response to lenses of different powers placed in front of their eyes (Kee, Marzani, & Wallman, 2001; Schaeffel, Glasser, & Howland, 1988; Smith & Hung, 1999; Wildsoet & Wallman, 1995) . Such lenses induce second order and first order errors in the wavefront entering the eye, i.e. wavefront errors such as defocus and astigmatism that can be corrected with spectacle lenses. The eye's natural optical imperfections also induce higher order imperfections in the wavefront inside the eye, i.e. imperfections which can be described by third and higher order polynomials, and which cannot be easily corrected with spectacle lenses. Much less is known about the relationship between these higher order monochromatic aberrations and refractive error development. This relationship is of interest from a number of points of view. First, aberrations will degrade retinal image quality, so that individuals with significant levels of higher order aberrations may be prone to form deprivation myopia. Second, aberrations can provide cues as to the sign of retinal image defocus. For example, in the absence of aberrations the point spread functions will be identical for equal amounts of hyperopic and myopic defocus: a simple uniformly bright blur circle. In the presence of a small amount of the more common undercorrected spherical aberration, the myopic point spread function becomes more cone-like (brighter in the center and dimmer at the edges), and the hyperopic point spread function contains an annulus of brighter light around the center, leading to diplopia and characteristic changes in the optical transfer function (Wilson, Decker, & Roorda, 2000; Woods, Bradley, & Atchison, 1996a,b) . Wallman (1993) (who limited his examples to chromatic aberrations and astigmatism) has proposed that such sign-dependant differences in retinal image quality may act as cues for the direction of emmetropization, and therefore abnormal aberrations (either too high or too low) may result in a disruption of the emmetropization process. Third, in the near future it may be possible to correct higher order aberrations through refractive surgery and contact lenses, offering the potential for better optical quality in patients' eyes (Applegate, 2000; Thibos, 2000) . Thus a survey of the prevalence and type of aberrations in different refractive error groups may have applications for improving optical correction. Finally, myopia is a particularly common refractive error in a number of Asian populations (Goh & Lam, 1994; Saw et al., 2000) . If myopia is accompanied by abnormally high levels of optical aberrations then this means that a significant proportion of these populations will have poorer retinal image quality, even if they have the appropriate spectacle correction.
One potential confounding factor is that the presence and level of higher order aberrations may be dependent on subjects' racial background. Such a racial variation has been shown to occur for the lower order aberrations, i.e. spherical equivalent refractive errors and astigmatism (Au Eong, Tay, & Lim, 1993; Thorn, Held, & Fang, 1987) , but to date there has been no study of how race affects the prevalence of higher order aberrations.
Likewise, despite the usefulness of such information, there is little published data on the relationship between higher order aberrations and refractive error in either adults or children. Collins, Wildsoet, and Atchison (1995) who examined 21 myopic adult subjects and 16 non-myopic adults, found that myopes showed less positive spherical aberration and fourth order aberrations (a combination of spherical aberration, fourth order astigmatism and tetrafoil) than did non-myopes, although these results may have been biased somewhat by the exclusion of 10 myopes and five normals whose aberrations could not be measured due to abnormally high levels of aberration or to poor quality instrument images. used a subjective method to measure transverse aberrations of 70 subjects ranging in age from 11 to 29 years. In contrast to the findings of Collins et al. (1995) , reported slightly higher levels of fourth order aberrations in myopic subjects than in emmetropic subjects. Recently, He et al. (2002) published a more complete report on 170 children (ages 10-17 years, average 14.75 years), and young adults (ages 18-29 years, average 21.35 years). They found, using subjective aberrometry, that myopic children and myopic adults showed slightly higher levels of higher order aberrations than did their emmetropic agematched peers, and this difference occurred if higher order aberrations were defined as containing third-seventh order Zernike terms, or fourth-seventh order Zernike terms, or if astigmatism terms were also included with higher order aberrations. The relatively advanced age of child subjects used by He et al. (2002) suggests that most of them would have been adolescent, and towards the end of normal growth. To date there has been no comparable study in pre-adolescent children.
The purpose of this study was to examine whether myopia in childhood was similarly associated with abnormal levels of monochromatic aberration, in particular with abnormal fourth order aberrations as found in adults by Collins et al. (1995) and in a group of children and adults by He et al. ( , 2002 . Our subjects were drawn from Singaporean schools, and as Singapore is a multiracial society with the most common backgrounds being Chinese and Malay, we felt that it was important to examine the dependence of higher order aberrations on refractive error in each of these racial groups.
Methods
Subjects undergoing aberrometry were a subgroup of 276 school children selected from the 942 participants in the second year's testing for the Singapore Cohort Study of the Risk Factors for Myopia (SCORM) (Saw et al., 2000) . Participation rate in SCORM was 58% of children whose parents had been approached by schools in the previous year. Ethics approval was given through the Singapore Eye Research Institute Ethics Committee, informed consent was obtained from the children's parents or guardians, and the tenets of the Declaration of Helsinki were followed in conducting this research. General exclusion criteria for this study were the presence of eye pathology diagnosed prior to the study, or a known allergy to eye-drops. Subjects were selected as every third child from the participant lists, to ensure a representative sample from the cohort. Equipment constraints prevented aberration measurements on 2 days and three subjects were not included because of lack of co-operation with some of the testing procedures, leaving a total of 273 subjects on which aberration measurements were obtained: 147 females and 126 males. Mean subject age for all subjects was 9:0 years AE 0:84 (SD) (range 7.9-12.7 years). Mean age for female subjects was 9:0 years AE 0:9 (SD) (range 7.9-12.7 years). Mean age for male subjects was 9:0 years AE 0:8 (SD) (range 7.9-10.7 years). The predominant racial group in the study was Chinese (199 subjects; mean age 9:0 years AE 0:82 SD, range 7.9-12.7 years) followed by Malay (63 subjects; mean age 9.2 years AE 0:85 SD, range 7.9-10.8 years) with 11 subjects of Indian race (mean age 9:2 years AE 1:19 SD, range 7.9-10.7 years).
Data collection followed the standard SCORM guidelines which have been reported elsewhere (Saw et al., 2000) , taking place at the subjects' schools during school hours over a period of approximately one week. The procedures which are germane to this study are outlined. Briefly, a large proportion of aberrometry subjects (268 children) also underwent corneal topography measurements (Tomey TMS 2) prior to cycloplegia. These subjects were selected using the same principles as the aberrometry subject selection, with some dropout of subjects who would not co-operate with topography measurement. Cycloplegia was induced in both eyes of each subject by topical installation of 0.5% proparacaine followed by three drops of 1% cyclopentolate at 5 min intervals. Half an hour after the last drop was instilled subjects underwent objective autorefraction (five valid measurements on each eye) and keratometry using a Canon RK-5 autorefractor. Aberrometry results took place after autorefraction.
Aberrometry was undertaken using a Bausch and Lomb Zywave Aberrometer. This system uses the Hartmann-Shack principle for measuring ocular aberrations (Liang, Grimm, Goelz, & Bille, 1994; MorenoBarriuso & Navarro, 2000; Salmon, Thibos, & Bradley, 1998) after first making an initial objective correction for spherical refractive error. The Hartmann-Shack plate in the instrument samples at 0.6 mm intervals across the pupil. Measurements are typically quick, usually less than 30 s per eye, with final image acquisition taking place in approximately 0.1 s. Results reported are based on a single measurement in each eye.
Data analysis
Measurements were taken from right and left eyes for each subject, however, it is highly likely that separate eyes of a subject do not represent independent samples and that there will be strong correlation between right and left eye components of refractive error (McKendrick & Brennan, 1996) and between left and right eye higher order aberrations (Porter, Guirao, Cox, & Williams, 2001 ). Therefore, data for the right eyes only are reported in this paper. For each subject, reported refractive error is the vector average of five autorefractor measurements. (Thibos, Wheeler, & Horner, 1997) . Aberrometry results were analyzed by using Zywave custom software (Zywave 3.19) to compute and express wavefront aberration in Zernike polynomials up to and including the fifth order, using a least-squares fitting procedure (Southwell, 1980) . Because Zernike polynomials are fitted across the unit circle, they will vary for different pupil sizes. To allow meaningful inter-subject comparisons, Zernike polynomials were calculated based on a circular pupil of 5 mm diameter, centered on each subject's dilated pupil. In reporting we have adopted the two index Zernike coefficients system proposed as a standard by the VSIA working group of the Optical Society of America. (Thibos, Applegate, Schwiegerling, & Webb, 2000) . The subscripted index, n, denotes the maximum power order of the equation, and the superscripted index, m, denotes the rotational frequency of the polynomial. A negative sign on the m index denotes a sine term, and a positive sign on the m index denotes a cosine term. For the sake of our analysis and discussion we have defined higher order aberrations as the imperfections remaining in the wavefront error after the best fitting second and first order terms (i.e. corresponding to spherical refractive error, cylinder and prism) have been subtracted from the wavefront. With Zernike polynomials this is an easy calculation, and from our measurements higher order aberrations are made up of a combination of Zernike coefficients: and their respective polynomials.
Wavefront variance (expressed as root mean square error, RMS) was calculated for combined higher order aberrations (i.e. those with terms higher than second order), for spherical aberration (the absolute value of the C 0 4 term) and for coma (C À1 3 and C 1 3 combined). Our statistical approach in assessing whether gender, refractive error or race had an effect on aberrations was to use multivariate analysis of variance with the combined higher order aberrations as the dependent variables, and significance levels calculated using Hotelling's trace. A similar multivariate approach has been advocated by Harris (1990) for the analysis of the three vector data used to describe conventional refractive error. Our approach extends this analysis into the 15 dimensions described by the higher order Zernike coefficients. If multivariate analysis revealed a significant difference in aberrations between different conditions, then one-way analysis of variance was conducted with individual Zernike coefficients as the dependent variables, followed by Bonferonni post hoc testing.
Results
Amongst our subjects, aberration levels vary slightly for different refractive error levels and vary to a greater degree for different racial groups.
On average, subjects were myopic, with a mean equivalent sphere of À1:00 D AE 1:92 (SD) with with-the-rule astigmatism (average J 0 ¼ þ0:35 D AE 0:43 (SD)) and a small oblique component (average J 45 ¼ þ0:02 D AE 0:16 (SD)). We split the subjects into four different refractive error groups based on the spherical equivalent:
high myopia (SE 6 À 3:00 D), 36 subjects; low myopia (À3.00 D < SE 6 À 0:5 D), 102 subjects; emmetropia (À0:5 D < SE 6 þ 1:00 D), 123 subjects; and hyperopia (SE > þ1:00 D), 12 subjects.
The inter-subject averages for Zernike coefficients are shown in Fig. 1 , along with inter-subject standard deviations. Mean values that are significantly different from zero (t-testing) are marked with two asterisks if p 6 0:01, and with three asterisks if p 6 0:001. All values without asterisks were not significantly different from zero (p > 0:05; t-tests). The second order terms (i.e. n ¼ 2) are considerably larger than higher order terms (i.e n ¼ 3; 4 or 5) and, for clarity, they are plotted using a different scale from the higher order aberrations. Amongst the higher order aberration terms C À1 3 (vertical coma), C 0 4 (spherical aberration) and C 1 3 (horizontal coma) show the largest average differences from zero. These Zernike coefficients are also contained in Table 1 for all subjects and for different refractive error groups. Fig. 2 shows a summary of the inter-subject average wavefront error expressed as root mean square variation (RMS) for higher order aberrations. These values are also contained in Table 1 . Average RMS for total higher order aberrations was AE0.18 microns AE0.07 SD The combined primary coma terms C À1 3 and C 1 3 (average 0.12 microns AE0.07 SD) and primary spherical aberration term C 0 4 (average 0.06 microns AE0.04 SD) made, on average, the major contribution to the RMS for higher order aberrations. Average combined third order aberrations (0.15 microns AE0.07 SD) were approximately twice the RMS of fourth order aberrations RMS (average 0.08 microns AE0.03 SD) and fifth order aberrations had a relatively small contribution to higher order aberration RMS (average 0.03 microns AE0.01 SD).
Gender appeared to have no significant effect on higher order aberrations (p ¼ 0:187). However, higher order aberrations were different for different refractive error groups, as indicated by multivariate comparison (p ¼ 0:034) (see Table 1 for averages). When individual higher order coefficients were tested, the only significant refractive error effects occurred for C 0 4 : primary spherical aberration (p ¼ 0:001). This is illustrated in Fig. 3 . Bonferonni post hoc testing showed that C 0 4 for the low myope group was significantly less than for the high myope (p ¼ 0:025) and emmetrope (p ¼ 0:001) groups, all other inter-group comparisons not being statistically significant (p > 0:05). Some second order aberrations: C 0 2 (defocus) (p < 0:001) and C 2 2 (astigmatism in the horizontal and vertical meridian) (p < 0:001) also varied significantly with refractive error group. These are plotted to a different scale in Fig. 3 , along with the oblique astigmatism term C À2 2 . It should be noted that the defocus term C 0 2 is, by definition, almost perfectly correlated with spherical equivalent refractive error, so the significant effect of refractive error on C 0 2 is expected. Bonferonni testing showed that C 2 2 coefficients for the high myope group were significantly higher than for the low myope (p < 0:05) and emmetrope groups (p < 0:001); all other inter-group comparisons were not statistically significant (p > 0:05). The RMS values calculated for coma terms, and combined higher order aberrations (combined third, fourth and fifth orders) did not vary significantly between refractive error groups (one-way ANOVAs, all p values >0.05). As might be expected given the inter-group difference in C 0 4 , RMS calculated from the spherical aberration term C 0 4 also varied significantly between refractive error groups (p ¼ 0:002), with post hoc Bonferroni testing showing only a significant difference between low myope and emmetrope groups (p < 0:05) all other comparisons being not statistically significant (p > 0:05). These differences are also illustrated as higher order wavefront error elevation maps in Fig. 4 .
When tests for the effects of refractive error group on aberration levels were repeated, but limited to Chinese subjects only, then the results were similar to the above analysis, with significant differences being obtained for Table 2 .
When results from Malay subjects (see Table 3 ) were analyzed by themselves there was no significant effect of refractive error on any higher-order aberration or on the multivariate analysis for the higher order aberrations (p ¼ 0:311), although significant differences were obtained for the second order (refractive error) terms:
No similar analysis was performed using data from the 11 children of Indian descent, because of their limited subject numbers. The spherical aberration results can be expressed in a different and perhaps slightly more familiar way. Table 4 contains a summary of different group means for longitudinal spherical aberration (LSA) at the edge of the pupil, calculated using the conversion equation:
(where C 0 4 is in microns, y max (maximum pupil radius) is in mm and LSA is in diopters).
Inter-racial differences in aberrations
We also examined inter-racial difference in aberrations, but restricted our comparisons to the 199 Chinese and 63 Malay subjects, because of the small numbers of Indian subjects. On multivariate testing, average higher order aberrations were statistically different for the two racial groups (p < 0:001). On average, Malay subjects showed slightly lower levels of some aberrations than Chinese subjects. (Average results are contained in Tables 2 and 3.) These differences were statistically significant for C Fig. 6 , and as wavefront error elevation maps in Fig. 7 . This inter-racial difference in higher order aberrations occurred if the multivariate analysis was restricted to the emmetropes group only (p ¼ 0:024). For the emmetrope group, when individual aberration terms were assessed, significant inter-racial differences were found for C 
Corneal spherical aberration
Our topography system (TMS 2) has custom software for generating estimates of r, the radius of curvature of the central cornea, and CEI (corneal eccentricity index). CEI is monotonicly transformable to Q the more common measure of corneal asphericity used to describe a conicoid fit to the cornea in the following equation.
where z is the surface sag and y is the hemichord (lateral displacement from the corneal apex). We were able to obtain topography results on the right eyes of 268 of our aberrometry subjects, and assuming a corneal refractive index of 1.376 we estimated LSA for the anterior cornea at the edge of a central 5 mm cap for these subjects, based on the following equations derived from Eqs. (4) and (8) 
where W 4;0 is the primary spherical aberration coefficient in lm/mm 4 , and r is expressed in mm. Q values were not correlated with refractive error in our subjects (r ¼ À0:045; n ¼ 268; p ¼ 0:46). Average corneal LSA values for different refractive error groups and races are contained in Table 5 . As might be expected corneal LSA was significantly and moderately correlated with LSA for the whole eye (r ¼ 0:322; n ¼ 268; p < 0:001). This relationship is shown as a scattergram in Fig. 9 , along with the scattergrams for individual racial groups including Chinese (r ¼ 0:216; n ¼ 196; p ¼ 0:002), Malay (r ¼ 0:448; n ¼ 63; p < 0:001) and Indian subjects (r ¼ 0:800; n ¼ 9; p < 0:01). Average corneal LSA was þ0.54 D (AE0.30 SD). Unlike spherical aberration for the whole eye, corneal LSA did not vary for different refractive error groups (p ¼ 0:915), which was also true for subgroups of different racial backgrounds. Nor were there any significant differences in corneal LSA between Chinese and Malay subjects (p ¼ 0:966), and this was true even when the emmetropic subjects where tested separately. However, we also calculated residual LSA for our subjects; i.e. the difference between LSA for the whole eye and LSA for the cornea. Residual LSA can be thought of as an estimate of the LSA for the crystalline lens combined with the LSA for the posterior cornea. Average residual LSA for the whole population was slightly negative, with a value of À0.08 D (AE0.40 SD). This was significantly less than zero (p ¼ 0:001). Average residual LSA values for different refractive error groups and races are contained in Table 5 . Residual LSA for Chinese children was À0.034 D (0.42 SD) and for Malay children was À0.19 D (0.28 SD), a difference which was statistically significant (p ¼ 0:006). When the emmetropic children were analyzed as a separate subgroup, residual LSA for Chinese children was þ0.070 D (0.40 SD) and for Malay children was À0.15 D (0.31 SD); again this difference was statistically significant (p ¼ 0:008). As shown in Fig. 10 , residual spherical aberration also varied for different subject refractive error groups (p ¼ 0:001), with post hoc Bonferroni testing showing a significant difference between residual LSA for high myopes and low myopes (p ¼ 0:034) and between residual LSA for emmetropes and low myopes (p < 0:001). When individual racial groups were analyzed separately, a significant difference was obtained between residual LSA for different refractive error groups for Chinese subjects (p ¼ 0:002, Bonferonni testing showing a difference between low myopes and emmetropes, p ¼ 0:001), but not for Malay subjects (p ¼ 0:618).
Discussion

Refractive error effects on higher order aberrations
One of our findings, that the low myopia group tended to show less positive spherical aberration than other refractive error groups, is similar to the findings of Collins et al. (1995) who reported that adult myopes show less positive spherical aberration than emmetropes. Direct comparison of our results with those of Table 4 Average LSA (5 mm pupil diameter) for different subject groups 
Units are diopters. Errors are SD. Collins et al. (1995) is complicated by some differences between the studies. First, they used an objective
Howland crossed-cylinder aberroscope (Howland & Howland, 1976; Howland & Howland, 1977; Walsh & Fig. 6 . Average wavefront RMS and Zernike coefficients for different racial groups. All refractive errors are pooled. Graphing conventions are similar to Fig. 3 . Fig. 7 . Average higher order wavefront error elevation maps (third-fifth orders combined) for Malay and Chinese subjects. Fig. 8 . Average wavefront RMS and Zernike coefficients for different racial groups. Emmetropic subjects only. Graphing conventions are similar to Fig. 3 . Charman, 1985) as opposed to our Hartmann-Shack system. Second, subject ages and refractive error groupings are different for the two studies and third, we have expressed our aberrations in terms of Zernike polynomials and Collins et al. (1995) used Taylor polynomials. They did however also report their differences in terms of LSA in diopters (calculated at the edge of a 4.5 mm diameter pupil) which was 0.16 D (AE0.42) for their emmetropic group and 0.01 D (AE0.36) for their myopic group. Extrapolating to a 5 mm diameter pupil these LSA values would be 0.20 D for the emmetropic group and 0.01 D for the myopic group. This inter-group difference is similar to the difference between LSA for our emmetropic subjects and low myopes (0.20 D). However, our average values for LSA (0.47 D) are higher than those found by Collins et al. (1995) . This might reflect differences in subject ages and subject racial background. We note also that our average LSA values fall within the range of LSA values reported by other studies Charman et al., 1978 ; Charman, Jennings, and Whitefoot (1978) Annular Results have been calculated for 5 mm diameter pupils. STA stands for subjective transverse aberration measurement. Howland & Howland, 1977; Jenkins, 1963; Koomen et al., 1949; Liang et al., 1994; Millodot & Sivak, 1979; Salmon et al., 1998; Smith et al., 2001; Walsh & Charman, 1985; Woods et al., 1996b ) (see Table 6 ). Comparison with the results of is difficult because they were not specific about the pupil sizes used in their analysis, although He et al. (2002) , presumably elaborating on the earlier report, implied that their RMS values were calculated using a 6 mm pupil diameter. In addition, neither study reported values for Zernike coefficients, but used summary RMS statistics (He, Burns, & Marcos, 2000 , 2002 . The findings of and He et al. (2002) of elevated higher order aberrations RMS (excluding astigmatism) for myopic subjects compared with emmetropes, are in disagreement with our findings (i.e. no difference in higher order aberrations between the groups). Some of this inter-study difference might be due to the different age groups being used by each study, with our child subjects being, on average, five years younger than those used by He et al. (2002) . We also used relatively rapid objective aberrometry (approximately 100 ms) with our subjects being cyclopleged, whilst He et al. ( , 2002 used a slower (approx. 3 min) subjective procedure for measuring transverse aberrations, and used subjects with unrestricted accommodation. It is known that accommodation characteristics differ between myopes and emmetropes (e.g. Gwiazda, Grice, & Thorn, 1999; Mutti, Jones, Moeschberger, & Zadnik, 2000) , although it is not known whether these differences extend to fluctuations in accommodative state. If such accommodative fluctuations occur during measurement they could artefactually elevate higher order RMS measurements obtained from subjective transverse aberrometry systems. Thus, methodological differences might also have contributed to the inter-study difference in aberrometry results.
The small difference that we found between spherical aberration of emmetropes and low myopes runs counter to what might be expected based on previous measurements of corneal asphericity. Carney, Mainstone, and Henderson (1997) found for adult subjects that Q values were negatively correlated with spherical equivalent refractive error in emmetropes and myopes, a situation that might be expected if the corneal contribution to spherical aberration increased with increasing levels of myopia, although the same research group (Mainstone et al., 1998) did not find a relationship between refractive error and corneal asphericity for hyperopes. In the current study we could not confirm a relationship between refractive error and corneal asphericity and this may be due to the different age and ethnic background of our subjects.
Like Collins et al. (1995) we find it difficult to interpret the cause of this small difference in spherical aberration between low myopes and emmetropes. It may be due to differences in aberrations of crystalline lens and/ or posterior cornea (as suggested by the results shown in Fig. 10 ), since anterior corneal spherical aberration is not significantly different between the subject groups. While it is possible that the inter-group difference in spherical aberration plays a causative role in the development of myopia by providing inappropriate signdependent emmetropization cues to some subjects, we feel that it is difficult to make this interpretation based on our results. The spherical aberration coefficient C 0 4 represents a relatively small component of higher order aberrations in our subjects, and its contribution to retinal image quality is minor, even after correction of lower order refractive error and astigmatism. Likewise, our data do not support the idea that higher order aberrations act as a cause of form deprivation myopia because all refractive error groups had similar mean RMS for higher order aberrations. In support, Porter et al. (2001) also reported that RMS for higher order aberrations showed no correlation with refractive error in 109 adult subjects. We also note that the inter-group differences in (and overall levels of), the coefficient C 2 2 , the lower order aberration which denotes horizontal/ vertical astigmatism, are much greater than inter-group differences in RMS for higher order aberrations (i.e. the emmetropes' mean C 2 2 coefficient differs from the other groups by between 0.18 microns and 0.48 microns). Gwiazda, Grice, Held, McClellan, and Thorn (2000) found, in their longitudinal study, an association between infantile astigmatism (in particular, against-therule astigmatism) and the subsequent development of myopia. The findings of our cross-sectional study are slightly different, in that both myopic and hyperopic refractive errors are associated with with-the-rule astigmatism in our school-age subjects.
There is a growing amount of experimental and epidemiological research which suggests that near work and accommodation play a role in myopia development, in some children. (e.g., Gwiazda et al., 1999; Saw, Hong, Chia, Stone, & Tan, 2001 ). Our results cannot address what happens to monochromatic aberrations in accommodating children, because our aberrometry was performed on subjects under cycloplegia. In adults, small amounts of accommodation act to shift spherical aberration to less positive and even negative levels with small amounts of accommodation (<3 D) tending to decrease RMS for higher order aberrations. Collins et al., 1995; . For higher levels of accommodation (>4 D), RMS for fifth and higher order terms increases slightly. (He, Burns, et al., 2000) . It is possible that, for near tasks, myopic children may show different aberrations than nonmyopic children, and this plays a role in myopia development. This represents a possible future avenue of research.
Inter-racial differences in higher order aberrations
We have also found a difference between the higher order aberrations of Chinese and Malay children, particularly in terms of vertical coma, and to a lesser extent horizontal coma and spherical aberration, and believe that we are the first study to report such inter-race differences. For each racial group: the average vertical longitudinal coma (VLC) at the edge of the pupil can be calculated in terms of diopters as follows:
Therefore the average C À1 3 values of 0.07 lm and 0.01 lm for the Chinese and Malay groups respectively convert to longitudinal vertical coma values of 0.28 D and 0.04 D respectively. Because the aberration is asymmetric across the pupil the dioptric difference between the top of the pupil and the bottom of the pupil would be, on average, 0.56 D for the Chinese group and 0.08 D for the Malay group, with the top of the pupil having more dioptric power (i.e. being more myopic) than the bottom of the pupil for each group.
These differences could arise from a number of causes, e.g. differences in corneal aberrations or aberrations of the crystalline lens. Our finding of significant interracial differences in residual LSA suggests that either the posterior surface of the cornea, or the crystalline lens or both contribute to the inter-race differences in spherical aberration. This may be true of other aberrations as well, e.g. coma, although relatively small perturbations of the ocular surfaces or tear layer could also cause such differences. For example, the inter-race difference in vertical coma coefficient C À1 3 (ignoring its prism component) could be induced by a relative perturbation in the cornea of slightly less than 3 microns (about 1/4 of the thickness of a corneal epithelial cell) from the top to the bottom of a 5 mm pupil. Such small changes in corneal shape could be induced by something as simple as lid posture differences, or very small differences in the structure of optical components. The aberration differences do lead to very small, but statistically significant average inter-race differences in RMS for higher order aberrations, suggesting that optical quality (after correcting refractive error) for Malay children is slightly better than for Chinese children. It should be stressed that these differences are much smaller than the differences in lower order aberrations: 1/4 of the difference in C 2 2 coefficient (horizontal/vertical astigmatism); 1/15 of the C 0 2 (spherical equivalent refractive error) terms. Nevertheless, such inter-race differences in higher order aberrations represent a confounding variable for which aberration researchers may wish to control.
Corneal contribution to spherical aberration
For our subjects, variation in spherical aberration of the anterior corneal surface accounted for about 10% of the population variance in spherical aberration of the whole eye. Such a correlation was expected, because corneal wavefront aberration should be an additive component of wavefront aberration for the whole eye. The strength of the correlation will be reduced by significant population variation in wavefront aberration for the posterior cornea and crystalline lens, as well as by measurement noise in corneal topography and aberrometry. As far as we can determine, our finding of a significant correlation between spherical aberration of the cornea and that of the whole eye is unique in the literature. This relationship is shown in the scattergram in Fig. 9 , along with similar data for adult subjects from Smith et al. (2001) . A considerable number of subjects (104) had total spherical aberration greater than corneal spherical aberration (i.e. above the 1:1 line, positive residual spherical aberration) although, on average, whole eye spherical aberration was slightly less than corneal aberration (164 subjects showed this pattern of negative residual spherical aberration). Residual spherical aberration therefore appears to be positive in some of our subjects and negative in others.
Some previous researchers have suggested that the internal optics of the eye partially compensate for the amount of spherical aberration (and other aberrations) induced by the cornea (e.g. Artal, Guirao, Berrio, & William, 2001; Smith et al., 2001; Tomlinson, Hemenger, & Garriott, 1993) . Artal et al. (2001) have hypothesized plasticity in younger eyes that might allow the internal optics to actively compensate corneal aberrations. In the population we studied, this compensation appears to be fractional, with an average residual LSA of À0.08 D being small compared with the average and standard deviation for corneal LSA of þ0.54 D (AE0:29 SD). When considering how well corneal spherical aberration is corrected for individual subjects it might be useful to adopt the approach of Artal et al. and calculate the individual compensation factor CF where:
The compensation factor indicates how well the internal optics of the eye compensate the spherical aberration of the cornea, with a CF of 100% being ideal (SA for the whole eye being zero). For CF, values of less than 0% indicate that the internal optics add to corneal spherical aberration; values of greater than 100% indicate that the internal optics overcompensate for corneal spherical aberration. If CF is greater than 200% it means that the absolute value of the LSA in the whole eye is greater than the absolute value of corneal LSA. Thus if CF lies between 0% and 200%, the internal optics of the eye might be considered to successfully reduce the corneal LSA (In Fig. 9 this corresponds to values lying between the x axis and diagonals with slopes of þ1 and À1). If CF is greater than 200% or less than 0% then internal compensation of the cornea LSA might be considered a failure (either disasterously overcompensating or compensating in the wrong direction). Thus, on these CF criteria 161 subjects might be considered to have successful compensation of the corneal LSA and in 107 subjects such compensation might be considered to have failed. When analyzed by race: Chinese have 108 successes and 88 failures, Malays have 47 successes and 16 failures, Indians have six successes and three failures. Therefore our results indicate that, if active plasticity of internal correction for corneal spherical aberration exists, it must be relatively ineffective, especially in Chinese subjects where such plasticity acts to make spherical aberration worse in 44% of cases. Previous studies provide conflicting estimates of residual spherical aberration with Millodot and Sivak (1979) reporting positive values for 15 of 17 subjects, and Tomlinson et al. (1993) estimating either negative or zero residual spherical aberration in their 20 subjects. In their recent report, only two of the 26 adult subjects from Smith et al. (2001) showed total spherical aberration greater than corneal spherical aberration, i.e. most showed negative residual spherical aberration (average residual LSA ¼ À0:53 D AE 0:35 SD). Thus it appears that a large majority of subjects studied by Smith et al. (2001) had negative residual spherical aberration. Possible causes of this difference between our findings and those of Smith et al. (2001) include subject ages (21-71 years with a mean 45.4 years, and SD 21.0 years for subjects used by Smith et al. (2001) ); and perhaps different subject racial backgrounds. On the first point, crystalline lens power and crystalline lens form change from childhood to adulthood (Garner, Yap, Kinnear, & Frith, 1995) and it is possible that aberrations in the lens also change throughout life. On the second point, for our own subjects we have also found an effect of racial background on residual spherical aberration (averaging almost zero for our Chinese subjects, and being negative for our Malay subjects). The subjects used by Smith et al. (2001) were mostly Caucasian (personal communication George Smith) and this racial difference might have contributed to the inter-study differences in residual LSA.
Conclusions
In this cross-sectional study of Singaporean school children, subjects with low myopia had slightly, but significantly, less positive spherical aberration than high myopes, emmetropes, and hyperopes. This small difference tended to be swamped by other higher order aberrations so that there were no differences between different refractive error groups in terms of the RMS for higher order aberrations. From our findings it is difficult to conceive of this small difference in spherical aberration playing a causative role in myopia development, although it must be stressed that our findings are purely cross-sectional, and the presence of optical aberrations earlier in these children's lives might have played a role in myopia development.
There are larger differences in higher order aberrations between children of Chinese and Malay descent. In particular, vertical coma differs between the two groups, with smaller differences in horizontal coma and spherical aberration. In general, Chinese children showed slightly higher levels of higher order aberrations and wavefront aberration RMS than Malay children. We believe that we are the first to report such a racial variation in aberration levels for either children or adults. Such inter-racial differences in ocular aberrations may be a factor which should be considered when designing and interpreting aberration experiments.
